The Amazonian white-sand vegetation presents a set of unique features, such as the dominance of a few species, high endemism and low species richness, which differentiate it from other Amazonian forests. Soil parameters have long been recognized as the main drivers of white-sand vegetation (WSV) characteristics. However, how they influence the composition, richness and structure of this vegetation type is still poorly understood. In this study we investigated the variation in floristic composition between patches and the soil-vegetation relations in three central Amazonian WSV patches. We tested whether slight differences in soil properties are linked with differences in floristic composition, species richness and forest structure in adjacent patches. In each patch three plots of 50 x 50 m were sampled (a total of 2.25 ha). Soil samples were collected for each plot. The sampling cutoff for arboreal individuals was DBH ≥ 5 cm. We sampled a total of 3956 individuals belonging to 40 families and 140 species. In each patch only a few species were dominant, but the dominant species varied among patches. Differences among patches were significant, but plots in the same patch tended to have similar species composition. The variable sum of bases (SB) was directly related to species composition, however, species richness and forest structure were not related to soil parameters. Even small variations in soil parameters can change species composition in WSV, although these variations do not necessarily influence the richness and other structural parameters.
INTRODUCTION
The Amazonian region is formed by a mosaic of landscapes with different floristic compositions. Each landscape diversity is related to a variety of habitat characteristics and species preferences (Pitman et al. 2001; Coronado et al. 2009; Junk et al. 2011) . It is estimated that Amazonian forests contain between 12,500 and 16,000 tree species (Hubbell et al. 2008; ter Steege et al. 2013) . The formations designated as white-sand vegetation (WSV) or campinarana (Veloso et al. 1991 ) constitute a peculiar phytophysiognomy in the Amazon region. Soils beneath whitesand vegetation are composed of heavily leached white-sand of very low fertility (Heyligers 1963; Anderson 1981; Luizão et al. 2007; Mendonça et al. 2015) ; the woody vegetation is scleromorphic and relatively poor in tree species compared to other Amazonian ecosystems (Vicentini 2004; Stropp et al. 2011,) , but rich in endemisms (Janzen 1974; Anderson et al. 1975; Anderson 1981; Boubli 2002; Fine et al. 2010; Adeney et al. 2016; Fine and Baraloto 2016; Guevara et al. 2016) .
Estimates of white-sand vegetation cover ranged from 64,000 km 2 (Braga 1979 ) to 400,000 km 2 (Prance and Daly 1989) . However, more accurate mapping techniques with remote sensing suggest that the coverage might be larger, since surveys of the Negro River basin alone (where continuous areas of white-sand vegetation are common) estimated its coverage to be 104.000 km 2 (Junk et al. 2011) , and the most recent estimate of whitesand vegetation coverage in the Amazon basin is 334,879 km 2 (Adeney et al. 2016) . In many other Amazonian regions, whitesand vegetation distribution is isolated and island-like, a result of the fragmented nature of the distribution of the sandy soils on which this vegetation type occurs (Prance 1996) .
The structure of white-sand vegetation varies from grassland and open areas, dominated by herbaceous plants, to open shrub and dense-canopy forest physiognomies (Veloso et al. 1991; IBGE 2012) . Many white-sand soils have an underlying hardpan, where any increase in precipitation can quickly elevate the groundwater level, subjecting plants to waterlogging or hydric saturation periods (Richardt et al. 1975; Kubitzki 1989a; Franco and Dezzeo 1994) . Because of this characteristic, some authors emphasize the comparatively high floristic similarity between white-sand vegetation and Amazonian black-water seasonally-flooded forest (igapó) (Kubitzki 1989a; Kubitzki 1989b; Damasco et al. 2013) .
Oligotrophic soils and hydric saturation have been considered the main drivers of white-sand vegetation characteristics (Heyligers 1963; Pires and Prance 1985; Franco and Dezzeo 1994; Tiessen et al. 1994; Sobrado 2009 ), since they work as strong environmental filters for tree species establishment and distribution (Targhetta et al. 2015; Adeney et al. 2016) . Studies show that white-sand vegetation areas with higher hydric saturation may present lower species richness and smaller individuals (Bongers et al. 1985; Franco and Dezzeo 1994; Targhetta et al. 2015) , although under certain edaphic and topographic conditions hydric saturation may provide less adverse conditions for species establishment, thereby these conditions might have a positive effect on species richness and diversity (Damasco et al. 2013) . Though soil properties are directly influenced by hydric saturation, soil texture and fertility have been considered the main factors causing structural and floristic variation of white-sand vegetation (Tiessen et al. 1994; Coomes and Grubb 1996; Coomes 1997; Damasco et al. 2013) . However, there are few studies that investigated the role of small differences in soil nutrient concentration within this oligotrophic ecosystem.
To investigate the relationships between soil parameters and the composition and structural characteristics of the woody plant assemblage, three isolated patches of white-sand vegetation surrounded by upland forest (terra-firme) forest were studied to address the following questions: (1) are the patches different in assemblage composition and (2) if so, are such differences linked to soil characteristics?
MATERIAL AND METHODS

Study Area
WSV was studied in three areas within the Tupé Sustainable Development Reserve (SDR Tupé, Figure 1 ), located on the left margin of the Negro River, approximately 30 km west of the city of Manaus, in the state of Amazonas, Brazil. The SDR Tupé covers an area of 11.973 ha and, together with other protected areas, forms an important mosaic of protected habitats in the central Brazilian Amazon. The average annual rainfall in the region is 2,100 mm, with a well defined rainy season (165-300 mm month -1 ) from November to May, and a dry season (<65 mm month -1 ) from July to September. The average temperature is 27 °C, ranging between 18 °C and 37 °C throughout the year, and average relative humidity is around 85% (Radam Brasil 1978) . The study area is inserted in the Igarapé Tarumã-mirim basin (a tributary of the Rio Negro). This region is largely covered by WSV areas, which are distributed in patches. The vegetation of the SDR Tupé is predominantly upland forest (terra-firme), with black water river floodplains forest (igapó) dominating the narrow riverine floodplain (Scudeller et al. 2005) .
Vegetation sampling
Three white-sand forest patches (A, B and C) were selected within the SDR Tupé. The patches were 40 to 100 ha in size and were surrounded by terra-firme and/or igapó forest. In each patch three 50 x 50 m plots were established, totalling 0.75 ha per patch, and 2.25 ha among the three patches. To avoid sampling transitional areas between WSV and surrounding forest formations, all plots were allocated in the central part of each white-sand forest patch, with a distance of 100 to 180 m among sampling plots within patches, and a distance of 3.5 to 4 km among patches. VOL. 48(1) 2018: 46 -56 ACTA AMAZONICA All living woody individuals (except lianas), with diameter at breast height (DBH) ≥ 5 cm were marked with numbered aluminum tags, and had their diameter measured. Tree height was estimated with a hypsometer. Vouchers from all individuals were collected, dried, pressed, and subsequently deposited in the herbarium of the National Institute of Amazon Research (Instituto Nacional de Pesquisas da Amazônia -INPA) and in the herbarium of the Federal Institute of Amazonas (Instituto Federal do Amazonas -IFAM) (EAFM). Species were identified using analytical keys, comparison with herbarium specimens and consulting specialists (see acknowledgements).
Species were classified according to APG IV (2016), and their names were standardized according to the classification of the REFLORA program.
Chemical and physical soil characterization
Soil samples at 0 to 20 cm depth were collected in the four corners and in the center of each sampling plot. The samples were homogenized in the field and joined in one composite sample per plot. The analyses were performed according to the Embrapa soil analysis protocol (Embrapa 1997). Twenty-four variables were analyzed: fine sand (0.2-0.05 mm grain diameter), 
Data analysis
The forest structure parameters Relative Density (RDe), Relative Dominance (RDo), Relative Frequency (RFr) and the Importance Value Index (IVI) (Curtis and McIntosh 1951) were calculated using the software Fitopac 2.1.2 (Shepperd 2010).
To evaluate the local effect on species composition between the patches, two NMDS axes were generated and a MANOVA was applied to test for statistical difference in species composition among patches. Ranking was based on dissimilarity between samples (in a presence and absence matrix) calculated with the Jaccard Index (Borcard et al. 2011) . To evaluate the effect of soil parameters in tree assemblages, we generated a new NMDS axis (k =1), based on dissimilarity between samples (in a presence and absence matrix) calculated with the Jaccard Index. The relationship between environmental variables and species composition was assessed using a Generalized Linear Mixed Model (GLMM). For the model, we used only variables that were not correlated with each other (see Supplementary Material, Table S1 ), as correlated variables carry the same information and could potentially mask or enhance patterns in additive multiple linear models (Magnusson and Mourão 2005) . We used the patches as a random variable. Therefore, our overall multiple regression model was: NMDS = a + b (Mn
To evaluate the effect of soil parameters on species richness and vegetation structure variation the GLMM was used separately for each parameter (species richness, relative density, average height and average basal area). Thus we used the same model (mentioned above) replacing the dependent variable for the vegetation structural parameters. To test the effects of soil variables on vegetation without the influence of the sampled patch, we included in the model the variable patches (study areas) as a random variable, so it was possible to control the effect of this variable and verify the real effect of the edaphic variables. All the multivariate analyses were performed using R vegan (R Core Team, 2014; Oksanen et al. 2013) .
RESULTS
Vegetation structural variation
A total of 3956 trees belonging to 40 families and 140 species were recorded in the three patches (Table 1 ). The families with highest species richness were Fabaceae (15 species), Sapotaceae and Lauraceae (14 species each), Burseraceae, Moraceae and Myrtaceae (7 species each) and Sapindaceae (6 species).
The average DBH was 10.4 cm, with a maximum of 94.2 cm. Among the 36 individuals with DBH >45 cm, 33 were Aldina heterophylla Spruce ex Benth. The average height of individual trees was 7 m, with some emergent individuals, mostly A. heterophylla, reaching 22 m.
The highest similarity (41%) occurred between patches A and B, followed by patches A and C (27%) and B and C (22%). Many species occurred only in one patch (51.4% of all recorded species). Overall, the 10 most abundant species corresponded to 54.2% of recorded individuals. Likewise, the 10 most important species corresponded to 44.3% of the total IVI values. Only Aldina heterophylla was among the 10 most important (IVI) species in all three patches, and only Aspidosperma aff. verruculosum Müll.Arg., Clusia nemorosa G.Mey., Simaba guianensis Aubl., Pradosia schomburgkiana (A.DC.) Cronquist, and Conceveiba terminalis (Baill.) Müll. Arg. were among the 10 most important species in at least two of the sampled patches (Table 2 ). For 38 species only one individual was recorded, and for 13 species only two individuals. Together, these species corresponded to 36.4% of the total species richness. Phytosociological parameters and herbarium voucher numbers for all recorded species are available as Supplementary Material, Table S2 .
Tree height and basal area differed significantly among sampling plots (ANOVA F = 0.38; P = 0.00; F = 1.92; P = 0.05 respectively) (Figure 2 ). However, only basal area differed significantly among patches (ANOVA F = 4.45; P = 0.01), due to a significant difference between patches A and C (Tukey test, P = 0.01). Plot ordination along the two NMDS axes captured 92.76% of the variation in species composition. Tree assemblages differed significantly among patches (MANOVA: Pillai trace = 1.5449; F = 10.182; P <0.001) (Figure 3 ). C (organic carbon), OM (organic matter), pH in water (proportion 1:2,5), H+AL (potential acidity), SB (sum of bases), CTC(t) (effective cation exchange capacity), CTC(T) (cation exchange capacity under neutral pH), V (saturation index for bases), m (saturation index for aluminum).
Vegetation variation and soil fertility
The three patches were characterized by sand predominance and nutrient-poor soils (Table 3 ). The single NMDS axis (k=1) explained 58.8% of the variation in species composition. The GLMM using this NMDS axis as dependent variable and soil parameters as independent variables explained 60.50% of the variation in species composition (NMDS = -1.165 -17 + 1.286
QM -2.489 -2 PS -4.083 -1 SB; χ 2 = 9.7086; R 2 = 0.6050; P = 0.02), yet only the variable sum of bases (SB) contributed significantly to the model (t = -3.094; P = 0.03) (Table 4) . However, there was no significant effect of soil parameters on species richness and structural variation.
Some species were widely distributed along the fertility gradient, while others were restricted to parts of it. Species such as Ocotea amazonica (Meisn.) Mez and Pouteria oblanceolata Pires were strongly associated with localities with the lowest fertility, while Mauritiella armata (Mart.) Burret and Protium heptaphyllum (Aubl.) Marchand were more frequently found in plots with the greatest fertility ( Figure 4 ). ACTA AMAZONICA
DISCUSSION
Our results show that, although the floristic composition and basal area differed significantly between patches and the height differed significantly among plots, only the variation in species composition was related to soil parameters. This soil effect on species composition may explain why the most important species (IVI) varied among relatively nearby patches. Fabaceae, followed by Sapotaceae, were the families with the highest species richness, which agrees with previous studies in other WSV areas in the Amazon (Anderson 1981; Coomes and Grubb 1996; Ferreira 2009; Fine et al. 2010; Stropp et al. 2011; Damasco et al. 2013; Targhetta et al. 2015; Guevara et al. 2016) . Apocynaceae and Burseraceae are also important, mainly due to the high abundance of Aspidosperma aff. verruculosum and Protium paniculatum var. modestum Daly, respectively. Lauraceae, Moraceae and Myrtaceae had high richness, but low abundance in the study patches. Common families in other Amazonian forests, such as Lecythidaceae and Myristicaceae (Gentry 1988) , were poorly represented in the white-sand forest patches in SDR Tupé.
The greatest height and DBH values achieved by Aldina heterophylla exemplify the important ecological role of this species in WSV, as was also found in other studies (Anderson et al. 1975; Stropp et al. 2011; Targhetta et al. 2015) . The smaller size of the majority of species when compared to other dominant forest formations in Amazonia, such as terra-firme and seasonal flooded forests, justifies the adoption of the individual inclusion criteria of DBH ≥ 5 cm. If the inclusion criteria commonly used in Amazon forests of DBH ≥ 10 cm had been adopted, 60% of the individuals in our sampling plots, including abundant species such as Pagamea duckei Standl., would not have been sampled.
Patches had significantly different floristic composition, but plots in the same patch tended to have similar species composition. Previous studies have related differences in floristic composition to factors such as the insular characteristics of WSV (Anderson 1981; Prance 1996) , the dispersion capacity limited to anemochory and ornithochory (Macedo and Prance 1978) , the effect of fire (Vicentini 2004; Adeney et al. 2016) , past anthropogenic actions (Prance and Schubart 1978) and differences in abiotic characteristics among patches (Tiessen et al. 1994; Damasco et al. 2013; Adeney et al. 2016) .
The dominance of just a few species, as found in this study, is common in WSV; the sum of the 10 most abundant species often exceeds 50% of all individuals (Boubli 2002; Fine et al. 2010; Stropp et al. 2011) . This pattern also occurs in other Amazonian forest formations (Pitman et al. 2001; ter Steege et al. 2013) . Only one species was among the 10 most dominant species in all patches, and only three were among the 10 most dominant species in at least two of the sampled patches. This disagrees with Fine et al. (2010) who, on a regional scale, proposed that dominant species in an area of WSV tend also to be dominant in other nearby WSV areas. However, the reduced spatial scale and the limited number of sampling units in our study preclude any further extrapolations.
Variations in edaphic characteristics change significantly the distribution and abundance of woody species in local environments (Comes and Grubb 1996; Clark et al. 1998; Tuomisto et al. 2003; John et al. 2007) , and our results showed that this effect occurs even among nearby white-sand forest patches, and should be investigated in more detail.
The sum of bases SB was the only parameter strongly linked to floristic composition. SB is a good indicator of soil fertility and was closely related to floristic composition in oligotrophic ecosystems (Assis et al. 2011) . In other vegetation types on less oligotrophic soils, SB was also the best predictor of species composition (Ruggiero et al. 2002; Zuquim et al. 2014) . SB is composed of macronutrients that influence directly the basic processes of plants, such as hydration regulation, stomatal movement and photosynthesis, having an essential role in all stages of plant development (Larcher 2000) . The presence and quantity of the elements that compose the SB are directly related to other soil parameters such as soil texture and variation in groundwater level. Although soil texture is not a physiologically important edaphic factor, elements such as silt and clay may increase water-holding and nutrient retention capacity (Mendonça et al. 2015) . The continuous variation in groundwater level, intrinsically related to soil properties, leaches the soil components to lower layers (Franco and Dezzeo 1994) . Thus, the interaction between texture and groundwater level is essential to predict soil fertility and species composition (Targhetta et al. 2015) .
The variation in SB was significantly related to species composition, but it was not related to species richness nor vegetation structure. In the WSV of Viruá National Park, soil fertility directly influenced the vegetation structure in different phytophysiognomies and may counterbalance the negative effects of flooding (Damasco et al. 2013 ). In our study soil fertility in white-sand forest patches was less variable than in Viruá NP, but was nevertheless enough to influence floristic composition.
This lack of relation between soil fertility and vegetation structure may reflect the need for plants growing in oligotrophic environments to allocate much of their energy to form secondary compounds for defending themselves against herbivory, in detriment of both growth in height and diameter (Jansen 1974; Fine et al. 2006) . It also suggests that other factors rather than soil may be involved in structuring the vegetation.
A significant change in species composition related to small changes in soil parameters is compatible with the extreme condition experienced by WSV. In addition to the extreme nutrient poverty of the soil, seasonal hydric saturation can act as an additional filter, selecting species capable of surviving periods of soil anoxia (Parolin and Wittmann 2010; Piedade et al. 2013 ). In contrast, periods of moisture loss accentuated by high light penetration, high porosity and low water retention capacity of sandy soils, can subject WSV to physiological constraints during the dry season, when effective drought conditions prevail (Franco and Dezzeo 1994; Vicentini 2004) .
Our results highlight the role of edaphic variations in promoting species composition heterogeneity in white-sand forest patches. In this extremely nutrient-poor ecosystem, any nutrient addition may change the habitat partitioning of component species, and therefore may cause changes in species distribution and assemblage composition (Grubb 1977; Oliveira et al. 2014) . The differentiation of species composition based on minor resource variations may be an important mechanism for niche differentiation in plant communities.
CONCLUSIONS
We detected significant differences among white-sand forest patches located at about 4 km from each other in an area in the central Brazilian Amazon. Sampling plots within patches tended to have similar species composition. We also found that small differences in soil parameters explained species composition heterogeneity in the white-sand forest patches, reflected in the large number of species (51.4%) that were exclusive to only one patch. Changes in the sum of bases were likely to be linked to species composition variation. Although these changes do not necessarily influence species richness and other structural parameters, they may be related to differential responses of a species abundance, or whether it is present or absent from a white-sand area. 
